Primary objective The purpose of this study was to develop an objective way to assess human visual attention using the alpha-band component of the visual-evoked potential (VEP). Design and methods Six different attentional conditions were tested: eyes-open, eyes-closed, eyes-closed with backwards number counting, and three rapidserial visual presentation (RSVP) tasks. Eighteen visually normal, young-adult subjects (ages 21-28 years) were tested binocularly at 1 m for each condition on two separate days. The Diopsys TM NOVA-TR system was used to obtain the visual-evoked potential (VEP) and extracted alpha wave and its related power spectrum. Additionally, the Visual Search and Attention Test (VSAT) was administered as a subjective measure of visual attention. Results Subjects exhibited significant decreases in power in the alpha band when comparing the eyesclosed with the eyes-open conditions, with power in the eyes-closed condition being, on average, twice as large. The response from the other four conditions did not reflect the differential attentional demands. The ratio of the power in the eyes-closed condition to the eyes-open condition in the lower-alpha frequencies (8-10 Hz) was found to be significantly correlated with the group's performance on the VSAT, especially the 10-Hz component. Conclusions An individual's ability to attenuate their alpha component during visual processing may be a predictor of their visual attentional state. These findings solidify the role of the VEP alpha subcomponent as an objective electrophysiological correlate of visual attention, which may be useful in the diagnosis and treatment of human visual attention disorders in the future.
Introduction
The visual-evoked potential (VEP) is the electrophysiological response that is extracted through signal averaging from visual stimulus-related activity recorded through the scalp and cranium over the occipital region near the inion [1] . The VEP has long been used as a clinical tool to determine whether the primary afferent visual pathway is intact, as well as to assess an individual's visual acuity [2] [3] [4] . Using high-contrast pattern-reversal stimuli, which consist of a black-and-white checkerboard pattern changing phase with constant mean luminance, the pattern VEP produces low variability of waveform both within an individual subject and across subjects [1] . The cortical activity is directly proportional to the number of pattern reversals (i.e., phase changes). This allows the time-locked response to be extracted from the inherent noise to provide the VEP amplitude and latency.
Another electrophysiological response in the brain, the alpha wave, has a bandwidth of 5 Hz (8-13 Hz); it is a subcomponent of the overall VEP amplitude. It was first described by Berger [5] . Using the subject-dependent peak frequency as a dividing line, the alpha-wave band can be separated into an upper ( [6] , where [f p ] is defined as the frequency for which the power is maximum, for example, 10 Hz. It is generally accepted that the alpha wave is related to thalamo-cortical attentional activity, with higher magnitude EEG power (lv 2 ) resulting from a large number of neurons discharging synchronously, and contrariwise with lower magnitude power resulting from desynchronization of those same neurons [6] . As such, the alphawave amplitude (lv) is negatively correlated with metabolic function in the primary visual areas: high power is correlated with low metabolic function and vice versa [7] . It is most evident (i.e., highest power) in an eyes-closed condition of relaxed wakefulness [8] . However, its amplitude is not simply dependent on visual stimulation [7] ; it may be influenced by other factors such as visual imagery [9] , vigilance [10] , and visual attention [11] [12] [13] . Attenuation is observed in the lower-alpha band with attentionally demanding tasks, in the upper band with semantic processing [6] , and in the alpha band as a whole during visual processing [14] [15] [16] . The attenuation observed during the start of visual processing (from the eyes-closed to the eyes-open test condition) is of larger magnitude than the attenuation caused by increasing attentional load upon the eyesopen alpha rhythm [17] .
Despite these experimental observations, there is still some degree of debate as to alpha's physiological meaning. Eye blinks and saccadic movements may have contaminated early measurements of alpha, but they can now be rejected as artifacts by conventional computer program software criteria [18] . Peak alpha frequency has also been shown to change relatively linearly with age [19] , so using an age-matched sample is essential for measuring the desired bandwidth. Additionally, visuo-spatial attention is a complex process involving many areas of the brain composed of multiple cortical (e.g., frontal and parietal lobes) and subcortical (e.g., thalamus) components [20] . Lastly, when comparing results between studies, it is important to consider electrode placement on the scalp, as it will reflect activity of the underlying brain area [21] . Similar areas of the scalp should be used for comparative purposes at each test session.
The current study concentrated its focus on the alpha activity related to the primary visual cortex (V1). Past studies measuring attention-related alpha in the occipital lobe have suggested that the inability to attenuate during visual processing may relate to reading and learning problems [11, 12] . Walter [22] was one of the earliest to note differences among individual's alpha-wave characteristics. ''R-type'' people, named for their reactive alpha rhythms, comprise up to two-thirds of the population. They have an alpha wave that attenuates with visual processing, with it being largest with the eyes closed. ''M-type'', meaning ''minus'', have consistently small alpha power, and they were described as using visual imagery to make decisions. Lastly, Walter described ''P-type'' individuals, namely those with persistently large alpha activity, poor reading skills, and an inability to sustain attention. Walter's description of ''P types'' reminded Ludlam [12] of some of his optometric patients who had been labeled as ''reading or learning disabled''. Ludlam [12] described two cases in which children with alpha rhythms that did not exhibit attenuation could do so after conventional oculomotor-based optometric vision therapy, that is, oculomotor rehabilitation, a subgroup of motor learning [23] . Along with the ability to now attenuate the alpha component, the children also demonstrated normal optometric clinical findings (e.g., enhanced fusional vergence ranges and dynamic accommodation) and improved academic performance, following therapy. The electrophysiological and behavioral improvements led Ludlam [12] to speculate that the attentionally based alpha activation could represent the mechanism responsible for the success of vision therapy, at least in part, as imbedded in such therapy is a significant attentional aspect [23, 24] .
The connection between alpha reactivity and reading ability was also documented by Fuller [25] . He demonstrated that ''minimally brain damaged''/learning-disabled (MBD/LD) children had significantly less alpha attenuation during both recall and addition, as well as word problem tasks. In contrast to Walter [22] and Ludlam [12] , Fuller [25] sought to isolate a pure attentional effect by having subjects close their eyes for all conditions. He quantified their ability to do so by calculating a ratio between the average EEG power during the attentionally demanding task (eyes closed) and the average EEG power during the eyes-closed ''rest'' period; the lower the value below 1.00, the greater was their alpha-attenuation ability. Eighty percent of the MBD/LD sample demonstrated lack of attenuation capability in one or more of the three tasks; their average attenuation ratio across conditions was 1.01. In contrast, 81 % of the attentionally normal children sampled exhibited attenuation in all three conditions, and furthermore gave more correct responses. Their average attenuation ratio was 0.93, which was significantly lower than that of the MBD/ LD sample. Fuller's [25] paper provided a direct link between alpha-attenuation and learning disabilities, as well as the first quantification of alpha-wave attenuation under the critical eyes-closed conditions, with its relation to attention.
The present study aimed to quantify the relationship between occipitally based alpha under different attentional states in visually normal young adults. The intent was to develop a simple clinical test for objective assessment of visual attention in normals, and in the future for special populations, including but not limited to, ADHD and mild traumatic brain injury (mTBI). The hypothesis is that the alpha band (8-13 Hz) can be used to detect and assess attentional state in the visually normal, young-adult population.
Methods

Subjects
Eighteen (2 male, 16 female) visually normal graduate and optometry students from the State University of New York, State College of Optometry participated in the study. Ages ranged from 21 to 28 years old ( " X = 24, SEM = 0.46). All (4 emmetropes, 16 myopes) had visual acuity of 20/20 at distance and near with refractive correction ( " X RE = -2.43, SEM = 0.50; " X LE = -2.97, SEM = 0.67). None had a history of traumatic brain injury, ADHD, or any other attentional disorder. Exclusion criteria included the presence of amblyopia, strabismus, ocular or systemic disease, chronic or progressive neurological disease, cognitive deficit, or history of seizures. The Institutional Review Board (IRB) at the College of Optometry approved the study. Subjects provided their informed written consent.
Apparatus
To record and analyze the VEP data, the Diopsys TM NOVA-TR system (Diopsys, Inc., Pine Brook, New Jersey, USA) was used [26, 27] . The system consists of a 17 H 9 15 V degree display monitor for stimulus presentation, a monitor for use by the experimenter for data viewing, and a computer for stimulus generation and graphical display. The Diopsys TM system is available commercially and is approved by the FDA for both research and clinical use. A Diopsys Enfant Amp 100 amplifier was used to increase the EEG signals. See Fig. 1a for a picture of the Diopsys TM system. Additionally, a 7 00 DoubleSight (DoubleSight Displays, Irvine, California, USA) DS-70U display monitor was used to present the rapid-serial visual presentation (RSVP) stimuli. A USB cable connected the display monitor to a computer containing the files. Microsoft PowerPoint was used to present the RSVP stimuli. The screen had a luminance of 2.4 cd/m 2 with a target contrast of 70 %. A total of four stimuli were presented: either an ''x'' (31 min arc), a circle (38 min arc), a fire truck (31 min arc), or a boxed gift (31 min arc). See Fig. 1b for a picture of the RSVP experimental apparatus.
Three Grass (Grass Technologies, Astro-Med Inc., West Warwick, RI, USA) gold cup electrodes, each (active, ground, and reference) 1 cm in diameter, were used to record the VEP. The Diopsys E1M105 impedance meter was used to measure impedance to assure adequate electrical output.
The Visual Search and Attention Test, or VSAT (Ó Psychological Assessment Resources, Inc), was administered to provide a standard clinical subjective measure of attention. The test involves a visual cancelation task that was developed by Trenerry et al. [28] . The VSAT is a norm-referenced measure of an individual's ability to scan accurately and sustain attention. It consists of two black-and-white, 60-s practice tests, as well as two colored, 60-s ''real'' tests. Each test contains ten horizontal rows of forty letters or symbols (thirty distractors, ten targets) that are either black, green, red, or blue text on white paper.
The task was to cross out as many targets as possible in 1 min. The test was scored by dividing the test field in half (twenty letters per side) and counting the number of correct cross outs per side (right and left). The number of correct cross outs was taken as the raw score. The normal values provided for the present sample ranged from the 17th to 95th percentile, with the 3rd through 16th percentiles suggestive of impairment and borderline performance. Test-retest reliability for the VSAT was found to be 0.95, using the Pearson product-moment correlation. Calculated sensitivity and specificity were 0.88 and 0.86, respectively [28] .
Procedures
All subjects were provided with a vision screening. This included distance visual acuity, contrast sensitivity at distance (6 m) and at 1 m, and a cover test at near (40 cm), all of which were normal [29] . In addition, each subject confirmed that they had received a comprehensive optometric vision examination within the past year, which included assessment of refractive status (distance and near), binocularity (e.g., amplitude of accommodation, positive, and negative relative accommodation), and ocular health (e.g., dilated fundus examination). They were also queried regarding their general ocular and medical health, especially as related to seizures, brain injury, and attentional problems. No subject was taking any drugs or medications that could possibly affect attention.
The VEP amplitude, latency, and alpha-wave activity from the primary visual cortex were measured using one Grass gold active-channel electrode, one reference electrode, and one ground electrode. The electrode placement was slightly modified from the international 10/20 system [1] , as suggested by the manufacturer. The active electrode was placed at the Oz position, 2.5 cm above the inion. The reference electrode was placed at the Fp1 position (approximately 10 % of the distance from the nasion to the inion), and the ground electrode was positioned on the side of the forehead. The subject's skin was first cleaned with alcohol swabs, and then with NUPREP skin abrasive gel. The electrodes were positioned on the scalp with Ten 20 conductive gel. An elastic headband maintained the position of the electrodes on the scalp.
The impedance of each electrode was measured using the DIOPSYS impedance meter. Each electrode had to have an impedance of \ 5 kilo ohms per the standards of the International Society for Clinical Electrophysiology of Vision (ISCEV) [1] . The electrodes were then connected to the Diopsys Enfant Amp 100 amplifier, with an amplification factor of 10,000 to increase the very small analog signals. An electronic band-pass filter (0.5-100 Hz) filtered any noise. An artifact detector in the provided software eliminated undesirable EEG signals that produced by either blinks or saccadic gaze shifts.
After attaching the electrodes, subjects were instructed to place their head in a chinrest/headrest assembly, and then to gaze carefully at the center of the monitor. The chinrest was used to ensure that the iameter) was presented at all times. (2) In the eyesclosed condition, subjects closed their eyes, relaxed, and imagined that they were staring straight ahead where the central red fixation target had been presented. Additionally, subjects were instructed to ''clear their mind'' and sit back in the chair to make themselves ''completely comfortable'' to elicit maximum alpha-wave activity [8] . Thirty to sixty seconds were allowed before the data collection to ensure adequate time for such relaxation. (3) In the third condition, subjects kept their eyes closed as in the second condition, but now performed mental arithmetic, namely, the serial sevens subtraction test [30] . They silently counted backwards in decrements of seven, starting from 100, 96, and then 94 for the three trials, respectively, to prevent memorization of the number sequence. The subjects were then provided a short rest period, while the RSVP test conditions were being organized.
The last three RSVP conditions (4-6) were counterbalanced using a balanced Latin square design [31] , so that every condition followed all of the others at least once. For all RSVP conditions, a visual oddball paradigm was used [32] . The oddball paradigm involves high probability targets, which are intermixed with low-probability targets that the subject must identify. The targets were presented for 750 ms with an intervening 250 ms blank period. The low-probability targets appeared either four (0.20 probability), five (0.25), or six (0.35) times to prevent prediction, with 20 total presentations per trial. They were pseudo-randomly distributed throughout trials, so that each occurred the same number of times across the entire experiment. The order of appearance was also pseudo-randomly distributed within trials, so that the stimuli did not appear more than three times consecutively. Either the ''x'' (distractor) or the circle (target) were presented on the DoubleSight monitor for the fourth and fifth conditions. The sixth RSVP condition included stimuli with more visual detail: either a fire truck (distractor) or the boxed gift (target). Each target appeared on the screen in a preview before the actual RSVP test condition to familiarize the subject with the specific image. All images were presented in the center of the screen, which was placed at a test distance of 1 m along the midline. In the RSVP passive gaze condition (4), subjects were instructed to ''just gaze'' at the stimuli flashing on the screen. They were not asked to discriminate between the distractor and target. In the last two conditions (5, 6), subjects were instructed to discriminate between a distractor stimulus and the target stimulus. Subjects counted silently, and then verbalized afterward the number of targets they had counted.
After the first session, subjects completed the VSAT per the manual instructions [28] . They were required to identify the red, green, and blue strips on the front of the test to ensure that they could discriminate the colors. Next, they completed practice tasks on the front of the test. For each of the four following tests (two practice, two real), they were provided the same instructions: scan from right-to-left or left-to-right, whichever is more comfortable. Subjects were informed to continue with the task, even if they believed to have made a mistake, and to feel free to go back if they believed to have missed an object. Lastly, they were instructed to ''perform the task as fast as you can.'' Data analysis Data were analyzed using GraphPad Prism software. The difference in amplitude (microvolts, lv) between the N75 and P100 components was taken as the VEP amplitude (delta). The N75 and P100 latencies were also recorded. Alpha-wave characteristics were derived using Fourier transformation and power spectrum [33] . Peak frequency (f p ) was calculated using the equation provided by Klimesch [6] to ensure that all subjects had a similar alpha bandwidth. Lower and upper limits were also calculated as recommended by Klimesch [6] . The lower band is subdivided into two additional sub-bands, lower-1 ([f p -4] [25] calculations, for the AAR 3:2 ratio, values \ 1 suggests attenuation, as the alpha power is smaller when doing mental tasks.
The coefficient of variation (CV = r/|l|) was used to assess repeatability of the measures taken [34] . It represents the intra-individual variability in a parameter [35] : the smaller the value, the greater the repeatability. Values for the VEP amplitude and latency were derived automatically with a cursor on the screen, with a resolution of * 0.1 lv and 0.04 ms, respectively. The power spectrum values were read directly from the display screen, with a resolution of approximately 1 lv 2 .
Results
VEP analysis: group data
Group mean parameters of the visual-evoked potential were analyzed. N75 latency ranged from 71.52 to 82.38 ms ( " X = 77.46, SEM = 0.62), P100 latency ranged from 99.95 to 109.84 ms ( " X = 104.10, SEM = 0.68), and VEP amplitude ranged from 7.81 to 31.10 lv ( " X = 18.27, SEM = 1.80). All were within normal limits per our laboratory system and standards, as well as those of others under similar stimulus conditions (e.g., Chiappa [36] ). The VEP information was reviewed to assure its normalcy before assessing the alpha component.
Power spectrum analysis: group data
The group mean power spectrum results across all 6 conditions are presented in Fig. 2 . A one-way ANOVA for the factor of power was significant Power spectrum analysis: group data for individual frequencies The group mean results were then analyzed using a one-way ANOVA for each frequency comparing conditions 1 through 6. The post hoc results are presented in Table 1 . Group mean alpha-attenuation ratios are presented in Table 2 . The mean alphaattenuation ratios for each subject and frequency, along with their respective coefficient of variation values, are presented in Table 3 . Details for each power spectrum frequency are described below for the significant frequencies.
Hz
The one-way ANOVA revealed significant differences between conditions [F(5, 102) = 2.99, p = 0.0146]. Tukey's multiple comparison post hoc test revealed a significant difference only between conditions 2 and 5 (p \ 0.05). Analysis of each subject's AAR 2:1 showed that 11 subjects exhibited attenuation when comparing the eyes-closed to the eyes-open condition ( " X = 1.51, SEM = 0.28). Analysis of each subject's AAR 3:2 revealed that 12 exhibited a modest degree of attenuation comparing the eyes-closed number counting to the eyes-closed condition ( " X = 0.98, SEM = 0.08).
The one-way ANOVA revealed significant differences between conditions [F(5, 102) = 6.30, p \ 0.0001]. Tukey's multiple comparison post hoc test revealed significant differences between the following conditions: 1 and 2, 1 and 3, 2 and 4, 2 and 5, 2 and 6, and 3 and 5 (all p \ 0.05). Analysis of each subject's AAR 2:1 showed that 17 subjects exhibited some degree of attenuation when comparing the eyes-closed with the eyes-open condition ( " X = 1.847, SEM = 0.19). Analysis of each subject's AAR 3:2 revealed that 11 exhibited a modest degree of attenuation comparing the eyes-closed number counting with the eyesclosed condition ( " X = 0.95, SEM = 0.07).
The one-way ANOVA revealed significant differences between conditions [F(5, 102) = 11.10, p = \ 0.0001]. Tukey's multiple comparison post hoc test revealed significant differences between the following conditions: 1 and 2, 1 and 3, 2 and 4, 2 and 5, 2 and 6, 3 and 4, 3 and 5, and 3 and 6 (all p \ 0.05). Analysis of each subject's AAR 2:1 showed that 16 subjects exhibited attenuation when comparing the eyes-closed with the eyes-open condition ( " X = 2.17, SEM = 0.26). Analysis of each subject's AAR 3:2 revealed that 14 exhibited a modest degree of attenuation comparing the eyes-closed number counting with the eyes-closed condition ( " X = 0.87, SEM = 0.07).
The one-way ANOVA revealed significant differences between conditions [F(5, 102) = 12.08, p \ 0.0001]. Tukey's multiple comparison post hoc test revealed significant differences between the following conditions: 1 and 2, 1 and 3, 2 and 4, 2 and 5, 2 and 6, 3 and 4, 3 and 5, and 3 and 6 (all p \ 0.05). Analysis of each subject's AAR 2:1 showed that 17 subjects exhibited attenuation when comparing the eyes-closed with the eyes-open condition ( " X = 2.93, SEM = 0.75). Analysis of each subject's AAR 3:2 revealed that 9 exhibited a modest degree of attenuation comparing the eyesclosed number counting with the eyes-closed condition ( " X = 1.06, SEM = 0.06).
The one-way ANOVA revealed significant differences between conditions [F(5, 102) = 5.61, p \ 0.0001]. Tukey's multiple comparison post hoc test revealed significant differences between the following conditions: 1 and 2, 2 and 4, 2 and 5, 2 and 6, and 3 and 7 (all p \ 0.05). Analysis of each subject's AAR 2:1 showed that 13 subjects exhibited attenuation when comparing the eyes-closed with the eyes-open condition ( " X = 1.57, SEM = 0.21). Analysis of each subject's AAR 3:2 revealed that 11 exhibited a modest degree of attenuation comparing the eyes-closed number counting with the eyes-closed condition ( " X = 0.99, SEM = 0.11).
The one-way ANOVA revealed significant differences between conditions [F(5, 102) = 4.55, p = 0.0009]. Tukey's multiple comparison post hoc test revealed significant differences between the following conditions: 1 and 2, 2 and 4, 2 and 5, and 2 and 6 (all p \ 0.05). Analysis of each subject's AAR 2:1 showed 
VSAT
Raw scores on the VSAT ranged from 135 to 199 ( " X = 167.39, SEM = 4.96). The raw scores were converted to percentile scores, which ranged from the 11th percentile to the 95th percentile ( " X = 52.61, SEM = 29.32). All subjects scored above the 2nd percentile/abnormal range; three scored in the borderline range (11th, 12th, and 16th percentile). However, these three borderline subjects did not have attenuation ratios that differed significantly from the top three performing subjects (t test, p = 0.14).
Eyes-closed alpha power: correlation with VSAT Linear regression analysis was used to compare the alpha power in the eyes-closed condition at each frequency with the respective VSAT percentile score for each subject. Results are given below for the only significant frequency.
Individual frequencies 10 Hz
The regression analysis indicated that the two predictors accounted for 29 % of the variance. The slope was significantly different from zero [F(1,16) = 6.49, p = 0.022]. There was a significant correlation between the eyes-closed alpha power at 10 Hz and the VSAT percentile score (r = 0.54, p = 0.022).
Alpha-attenuation ratio: correlation with VSAT
Linear regression analysis was used to compare the alpha-attenuation ratio from the eyes-closed with the eyes-open condition (AAR 2:1 ) at each frequency to the respective VSAT percentile score for each subject. Results for each significant frequency and/or frequency band are given below.
Individual frequencies 8 Hz
The regression analysis indicated that the two predictors (i.e., alpha-attenuation ratio and VSAT score) explained 31 % of the variance. The slope was significantly different from zero [F(1,16) = 7.128, p = 0.017]. There was a significant correlation between the attenuation ratio at 8 Hz and the VSAT percentile score (r = 0.55, p = 0.017).
9 Hz The regression analysis indicated that the two predictors accounted for 42 % of the variance. The slope was significantly different from zero [F(1,16) = 11.55, p = 0.004]. There was a significant correlation between the attenuation ratio at 9 Hz and the VSAT percentile score (r = 0.65, p = 0.004).
10 Hz The regression analysis indicated that the two predictors accounted for 48 % of the variance; this was the highest r 2 value among the individual frequencies (Fig. 3) . The slope was significantly different from zero [F(1,16) = 14.62, p = 0.002]. There was a significant correlation between the attenuation ratio at 10 Hz and the VSAT percentile score (r = 0.69, p = 0.002). 
Repeatability and variability
Repeatability measures of both the VEP and alpha components were performed. We assumed that if the CV were relatively low, for data summed across the two sessions, that this would be an indicator of good repeatability. To assess repeatability of the VEP measurements, the CV was calculated for the N75 latency, P100 latency, and VEP amplitude using data obtained over the 2 sessions with three trials per condition. The CV ranged from 0.01 to 0.04 for the N75 latency, from 0.01 to 0.04 for the P100 latency, and from 0.04 to 0.24 for the VEP amplitude. To assess repeatability of the alpha-wave measurements, the CV was also calculated using data over the two sessions with three trials per condition. The CV ranged from 0.42 to 0.76 at 8 Hz, 0.47-0.76 at 9 Hz, 0.45-0.68 at 10 Hz, 0.33-0.74 at 11 Hz, 0.36-0.72 at 12 Hz, and 0.43-0.66 at 13 Hz. Across all frequencies and subjects, the mean CV ranged from 0.48 to 0.64 for the alpha wave. See Table 4 .
Discussion
There are several aspects that make the results of the present study unique. (1) This is the first study to quantify the difference in alpha power between the ''eyes-open'' and the ''eyes-closed resting'' conditions in the primary visual cortex in normals. Fuller [25] had only investigated differential ''eyes-closed'' conditions in normals. (2) This is the first study to correlate the objectively assessed individual alpha values to a commonly used subjective test of visual attention (VSAT). (3) In addition to the above correlation, differences in mean alpha power, variability, and repeatability among the six individual alpha-band frequencies were quantitatively assessed, compared, and reported in detail here, which has never been done to date.
Alpha attenuation
The results of the present study allow, for the first time, the ability to obtain an objective indicator of human visual attention that can be used both in the laboratory and clinical environments incorporating attentional differences in eyes-open and eyes-closed test conditions. The present findings demonstrated that the alpha power in the eyes-closed condition was, on average, approximately twice as large as that found with the eyes-open condition. An AAR 2:1 of [ 1.0 reflected some degree of alpha damping ability, while an AAR 2:1 of C 2.0 was deemed to reflect considerably greater attenuation ability (i.e., twofold), as the mean attenuation across all frequencies was 1.96. Furthermore, at the critical 10 Hz frequency, the mean attenuation value was 2.17. Across all subjects and frequencies measured, attenuation of the alpha wave to some degree from the eyes-closed to the eyes-open condition was present 83 % of the time. This power difference between the eyes-closed and the eyes-open conditions was significantly different at five out of the six frequencies measured: the exception was the 8-Hz component. At 9, 10, and 11 Hz, which had the largest mean alpha-attenuation ratios (1.85, 2.17, 2.93, respectively), attenuation was observed in 94, 89, and 94 % of the sample, respectively. With respect to the present alpha-band data and related variability, it is important to determine when a difference in attenuation ratio is considered to be ''significantly'' different. The normative data from the present study can be used to examine this issue. For example, at 10 Hz, the mean was approximately 2.2, with an SEM of approximately 0.25. Thus, the mean ± 1 SEM ranged from 1.95 to 2.45 (Table 3) . Thus, if one were to consider a difference in AAR 2:1 ratios significant at 10 Hz, the difference between the two mean values should exceed this range of 0.5. Similarly, this information could be used to assess repeatability, wherein now the difference should not exceed the specified range. The high frequency and large magnitude of attenuation at these frequencies, along with their low variability, suggest that attenuation of this alpha-wave sub-band during visual processing is a predictable and repeatable measure. This finding is consistent with studies spanning the past 75 years [14] [15] [16] , and thus confirms and extends a common observation.
Furthermore, the findings are corroborated with a well-known, standardized clinical test of visual attention, namely the VSAT. Eighty-three percent of the present sample scored within the normal range on the VSAT, with the other 17 % scoring above the abnormal range in a score band deemed ''borderline'' by its developers. This distribution of scores in the present sample suggests a large spectrum of visual attentional capability among visually normal individuals. There was also a large range of alpha-attenuation ratios, thus allowing for a possible correlation with the VSAT scores; in fact, correlations were significant at 8, 9, and 10 Hz. The significant correlation between the ratio of eyes-closed and eyes-open alpha power at these lower-band frequencies provides a non-invasive, and objective, electrophysiological link to the process of visual attention. The present findings suggest that individuals with high alpha-attenuation ratios are predicted to have superior visual attention skills when compared with individuals with lower ratios. This strongly supports the early pioneering findings and concepts of Walter [22] and Ludlam [11, 12] , of whom both speculated that the inability to attenuate alpha may be related to reading and learning problems, in conjunction with an underlying and concurrent attentional deficit. In the present study, subjects who had attenuation ratios closest to one scored poorest on the VSAT and vice versa. These subjects who scored lowest can still be considered part of the normal population, but may simply have less visual attentional ability than those who scored much higher.
The 10-Hz alpha component appears to be the key alpha-band component: it had the largest power across all conditions; was close to the peak frequency for all subjects; had the second highest mean attenuation ratio from the eyes-closed to the eyes-open condition; exhibited the highest mean attenuation from the eyesclosed to the eyes-closed number counting condition; and lastly, demonstrated the strongest correlation with the VSAT scores. Additionally, the coefficient of variability indicated that the 10-Hz component was the second-least variable frequency across conditions. Thus, it appears that this component of the alphapower spectrum is a prime candidate for clinical use: it combines a strong and repeatable objective measurement with a large range of subjective attentional scores for possible correlation. The alpha-wave power between the eyes-closed number counting and the eyes-closed condition (AAR 3:2 ) was not significantly different, but some degree of attenuation was found 63 % of the time across all frequencies, most often at 10 Hz (83 % of the sample). The eyes-closed number counting to eyes-closed comparison in the current study yielded remarkably similar results to that of Fuller [25] . Across all frequencies, he found an average ratio of 0.93, whereas in the current study an AAR 3:2 of 0.95 was found. Although the magnitude of attenuation between these two conditions was not large, it occurred more than half the time, and thus suggested that there was some effect of attention on the eyesclosed alpha rhythm. Therefore, using the eyes-closed number counting to eyes-closed comparison may still be useful for differentiating certain clinical populations (e.g., ADHD, mTBI) from normals. This should be explored in the future.
Alpha: RSVP tasks
The lack of significant differences between any of the three RSVP conditions supports Legewie's [17] finding that the differential effect of attention on the already attenuated eyes-open alpha is by necessity small, which likely represents a saturation (i.e., floor) effect. This is supported by previous literature: large band power in the reference interval is associated with a large amount of desynchronization during task performance [37] . Therefore, if the alpha power is already small (i.e., desynchronized) after opening the eyes, there is little possibility for much further attenuation. The large band power during the reference interval (i.e., eyes closed) was not significantly correlated with VSAT scores, except at 10 Hz. However, at 10 Hz, absolute power during the eyesclosed condition explained less of the variance in VSAT performance than did the attenuation ratio. This eliminates the possibility that the amount of attenuation could be predicted by the absolute power of the alpha band alone.
Dynamic, attentionally related changes in alpha must also occur outside of the laboratory under naturalistic viewing conditions. In the present experiment, subjects were purposely placed in a chair with a head/chinrest and requested to remain still, so that any head, eye, and/or body movement was minimized and would not create artifacts in the data. However, in a real-life situation, there would likely be frequent, transient changes in our attentional state [6] as one walks, gazes about, and attempts to grasp an object of interest. Measuring these sensitive, transient, and dynamic attentional shifts/effects would likely be difficult to achieve in the above scenario due to the creation of undesirable artifacts/noise in the recordings/etc. Additionally, mirroring transient shifts in attention, the attentionally related desynchronization of alpha is hypothesized to function as a quick (on the order of milliseconds) thalamocortical attentional gating mechanism: summation over large amounts of time would need to be performed before a desirable magnitude of this phenomenon could be recorded.
Moreover, the results of the present experiment related to conditions 4-6 indicate that the alpha wave did not change significantly with presumed variation in attentional demand with the eyes open. This again is likely due to a floor/saturation effect. However, it might be possible to assess this effect in a seated individual with eyes fixed in primary position, but with attention shifting periodically between the fixation target and an object in the near retinal periphery.
Alpha-wave sub-bands
The significant correlations among the lower frequencies (8, 9, and 10 Hz) with the VSAT scores, in combination with the lack of significant correlations among the upper frequencies (11, 12 , and 13 Hz) and the VSAT scores, strongly support Klimesch's [6] description of lower-alpha sub-bands that desynchronize with attention. The VSAT is a task of visual attention requiring the subject to execute rapid and numerous visual discriminations, and furthermore execute frequent saccades to shift their eyes and visual attention across the page at a quick pace. Thus, an attentionally derived, lower-alpha desynchronization would in fact be expected during the task. When taken as a group, the attenuation ratio of the 8-10-Hz band was significantly correlated to the VSAT score, which suggests that it may also be useful to look at other alpha sub-bands (e.g., the lower [ 
Clinical and physiological implications
The present results show a range of visual attention abilities in the normal population, and an even wider one may exist among special clinical populations, such as those with ADHD. The current diagnostic criteria to assess ADHD are broad and suggest that a heterogeneous population of children exist with this diagnosis [38] . The alpha-attenuation ratio comparing the eyesclosed with eyes-open condition appears to serve as a good indicator as to the amount of visual processing occurring, and thus may be predictive of visual attentional dysfunction in undiagnosed infants and children. It may be an effective screening procedure in these populations to detect those individuals that may be ''at risk'', and thus be carefully followed over the subsequent early years of life. Other clinical populations for study may include individuals with TBI, in whom the attenuation ratio could be compared with other cognitive clinical tests of attention (e.g., Conners' CPT [39] ), and stroke patients with visual neglect, in whom the attenuation ratios of the two hemifields could be compared with traditional clinical tests of visual neglect (e.g., line bisection; [40] ). Many ADHD-related electroencephalographic studies have assessed this global brain profile across the entire scalp [41, 42] , whereas the current study only assessed activity from the primary visual cortex (V1). The present results demonstrate that visual attention may be modulated as early as V1, in agreement with earlier studies [43] [44] [45] .
The aforementioned studies [43] [44] [45] have revealed functional, pharmacological, and electrophysiological mechanisms of attentional modulation in V1. Using fMRI scans, Somers et al. [43] demonstrated strong attentional modulation in the primary visual cortex, while subjects fixated and attended to foveal and nonfoveal stimuli, thus revealing that V1 exhibited similar characteristics to those found in the extrastriate cortices. This modulation was later shown to be enhanced by low doses of acetylcholine at muscarinic receptors and reduced by muscarinic antagonists in macaque monkeys [44] , thus delineating a cellular pathway to enhance attention in the primary visual cortex. On a larger scale, Bollimunta et al. [45] have identified alpha-current generators in layers of V1 (e.g., V1 layer 4C and V1 layer 6) and linked their activity with thalamocortical circuits, thus suggesting a possible neuroanatomical origin of alpha and also supporting earlier studies [46, 47] .
The temporal associations of attentional modulation via alpha-wave desynchronization in the primary visual cortex have been well described in the literature. Several studies have suggested that lateralized, event-related desynchronization (i.e., ERD, measured hundreds of milliseconds before the stimulus presentation) of posterior-lobe alpha activity places the brain in a ''ready'' mode in which visual information can be more readily detected, extracted, and processed from the external environment, thus preparing the subject to respond to both real and potential stimuli. Thus, alpha ERD may be related to the formation and maintenance of an attentional template [48] , as well as improved behavioral detection and/or discriminatory performance [49, 50] . Conversely, Hanslmayer [51] has shown that those with synchronous (i.e., high power) alpha activity in parieto-occipital regions during prestimulus periods performed poorly on a visual discrimination task. The current study supports the relationship between desynchronization and enhanced visual-spatial attention ability, but over a much larger time scale (e.g., 1-min VSAT test time and 20-s VEP alpha trials). Whereas ERD's are measured over milliseconds, the current study's protocols are more akin to Ludlam's [11, 12] and Fuller's [25] measures. Thus, clinical measurement of the occipital alphaattenuation ratio may serve as a less dexterous, yet equally as effective, method to capture and describe the dynamic attentional processes of the brain.
Quality of data
All subjects exhibited low variability with respect to their VEP amplitudes, therefore suggesting that they were fixating well at all times, since the patternreversal VEP is sensitive to fixational instabilities and saccadic eye movements [1] . Subjects also exhibited low variability across all latency measurements. It can then be assumed that each subject had optimal vision, and furthermore that the data were not affected by any optical/refractive source of error. The very low coefficient of variability values for the VEP parameters, similar to those found by Tello et al. [52] , suggests that it is a repeatable measure if performed on two separate days with at least three trials per condition. Electroencephalographic signals show a large amount of variability across time [35] , therefore necessitating the need for precise measures and adequate recording time. In the present sample, alpha CV values ascertained with 20 s ''eyes-closed'' and ''eyes-open'' trials (0.48-0.64) had a similar range to those found previously (0.58-0.76) by Maltez et al. [35] , who selected 4-s epochs of eyes-closed alpha. The aforementioned study also found that use of a 20-s test duration was sufficient for the determination of the alpha-peak frequency.
In addition to optimal quality of vision, measurement of the correct alpha bandwidth is important to consider. All subjects had a peak frequency close to 10 Hz ( " X = 10.33 Hz, SEM = 0.03), thus eliminating any chance that portions of a subject's alpha bandwidth fell outside of the range measured. Thus, all possible alpha-wave frequencies for each subject were measured and analyzed.
Study limitations
There were four possible limitations to the present study. First, a digital read out would improve precision of the numerical values from the power spectrum plots; current resolution is approximately 1 lv 2 . Second, there was a likely saturation effect regarding the power spectrum scale: the maximum graphical value was 60 lv 2 , so that any power value [ 60 would not be accurately depicted. This was done initially for graphical scaling purposes related to conventional VEP measures and related power spectrum. Since the largest amplitude values for the alpha-power spectrum were at the mid-range frequencies of 10-11 Hz, the present findings thus represent a conservative estimate of alpha attenuation. With greater scale values, the results would likely be even more robust; however, this effect is likely to be small as the power equaled or exceeded 60 lv 2 in only 1.5 % of the trials. Thirdly, stimuli of different contrast (e.g., low) and luminance (e.g., low) were not included. However, given the relatively small alpha-band signals using the present high-contrast and luminance levels, such less effective stimuli may not have elicited reliable and/or adequate response magnitudes. Fourth, and lastly, the present study had a narrow age range. This was done purposefully to avoid age-related contamination effects [19] . As mentioned previously, the alphapeak frequency decreases with age, at a rate of approximately 0.046 Hz/year after age 20 [19] . Such an expected age-related change would likely have to be compensated in one's laboratory/clinical test results, for example, by shifting the alpha bandwidth used for assessment to bias this lower peak frequency. To provide generality across the age spectrum, additional studies need to be performed, which compensate for the new peak frequency and bandwidth.
Future directions
There are possible future research directions based on the findings of the present study. First, the goal for the immediate future is to perform the present test protocol on specific clinical populations (e.g., TBI) known to exhibit attentional deficits [40] . Mild traumatic brain injured (mTBI) patients have been shown to have attenuated posterior-lobe alpha power within hours following, and then permanently, after the injury [53] . The amount of EEG abnormality has been shown to vary with severity of the mTBI; such deficits present 24 h post-injury can be predictive of a poor prognosis [53] . Second, since peak alpha frequency changes with age, subjects of different age groups should be tested to determine whether or not 10-Hz alpha (the peak frequency of subjects in our sample) still correlates strongly with VSAT scores of other age groups, or if the peak frequency among the different age groups maintains the strongest correlation. Other interests for the future include simplifying the test protocol (e.g., performing conditions 1 and 2 only), performing another subjective test of visual attention (e.g., anti-saccade test [54] ) to investigate additional possible correlation with the alpha-attenuation ratio, and lastly, to compare occipital findings with other areas of the brain (e.g., frontal and parietal lobes [55] ).
Conclusions
The alpha wave provides an objective, electrophysiological measure of visual attention. Furthermore, it was found to be correlated with a standard subjective clinical test of visual attention. Lastly, the present findings suggest that human visual attention may be detected, assessed, and modulated as early as the primary visual cortex.
